driven by fossil fuel consumption, which releases large volumes of air pollutants into the atmosphere, leading to a series of complex air pollution problems such as acid rain, haze, and photochemical smog [10] [11] .
Compared to ground networks, satellite observations have been widely acknowledged as one of the most important tools to quantitatively evaluate the longterm spatial and temporal distribution characteristics of atmospheric composition [12] [13] . There have been a number of milestones in SO 2 retrieval from space-based sensors, and SO 2 has been measured from space since the 1982 eruption of El Chichón [14] . This was the first time when SO 2 from satellite measurements could be determined from UV-VIS sensors. Those measurements were carried out by a total ozone mapping spectrometer (TOMS). Since then, next-generation space-borne spectrometers like GOME and GOME-2 (global ozone monitoring experiment), SCIAMACHY (scanning imaging absorption spectrometer for atmospheric chartography), and OMI (ozone monitoring instrument) have shown greatly improved SO 2 detection sensitivity [8] . OMI provides daily, nearly global maps of vertical column densities of SO 2 , and has the highest spatial resolution, longest operation, and lowest degradation, and is the most sensitive to SO 2 sources among the satellite instruments of its class [15] .
In this study, we focus on the variations of SO 2 column concentrations over the Beijing-Tianjin-Hebei (Jing-JinJi) region based on 10 years (2007-16) of SO 2 column measurements from OMI. As China's high-pollution area, the Jing-Jin-Ji region has received more and more attention, while the Chinese government has also taken active measures to prevent pollution. The major objectives of this study are to study the temporal and spatial variations of SO 2 column concentration over the Jing-Jin-Ji region, and to determine whether the energy savings and emissions reduction policy has affected a change in SO 2 concentration.
Material and Methods

Study Area
The Jing-Jin-Ji region is located on the eastern coast of China and comprises the cities of Beijing and Tianjin, and Hebei Province (Fig. 1) . According to the Hebei Economic Yearbook (2016), Jing-Jin-Ji covers an area of about 216,000 km 2 , has a population of 110 million, and in 2015 had a GDP of 690 billion yuan. It has a humid continental climate characterized by hot, humid summers and cold, dry winters [16] . Fig. 1 (right) shows the JingJin-Ji region comprising Beijing (BJ), Tianjin (TJ), Shijiazhuang (SJZ), Tangshan (TS), Qinhuangdao (QHD), Handan (HD), Xingtai (XT), Baoding (BD), Zhangjiakou (ZJK), Chengde (CD), Cangzhou (CZ), Langfang (LF), and Hengshui (HS).
Data Sources
The OMI, a contribution to the National Aeronautics and Space Administration's (NASA) Aura mission by the Netherlands Agency for Aerospace Programs (NIVR) in collaboration with the Finnish Meteorological Institute (FMI), is orbiting earth on the Aura spacecraft, which was launched in July 2004 from Vandenberg Air Force base in California into a polar sun-synchronous orbit [17] . The OMI combines the advantages of both GOME and SCIAMACHY and uses a total ozone mapping spectrometer. It measures the complete UV/VIS wavelength spectrum range daily with a very high spatial resolution (13 × 24 km), and has the ability to measure both multiple trace gases and aerosol properties [18] .
The SO 2 inversion strategy is based on the statistical approach [19] , and the strategy is to consider OMI measurements together with climatological data as a single set of multi-source data. The inversion technique is designed as a search for the best overall fit of all data considered by our forward model (in a least-squares sense) taking into account different accuracies of the fitted (measured and a priori) data [20] . The algorithm has been described in detail elsewhere [21] [22] [23] .
The OMI Level-3 daily global SO 2 data product, obtained from the NASA Goddard Earth Science Data and Information Services Center, is used in this study [24] , with a data format of HDF-EOS 5 and a spatial resolution of 0.25 × 0.25 deg. It extends from January 2007 to December 2016 and provides monthly coverage of the entire globe. Each grid contains only one observation of total column density of SO 2 in the planetary boundary layer (PBL) based on an improved band residual difference (BRD) algorithm [23] . PBL corresponds to an altitude below 2 km with the central height being about 0.9 km, and SO 2 within this layer stems mostly from human activities [25] . After comparing SO 2 concentration data acquired from airborne surveillance with synchronously acquired OMI SO 2 data in northeastern China in April 2005, [26] we concluded that daily OMI data could be used as a reliable surrogate for SO 2 pollutants in the atmosphere.
Monthly mean air temperature and precipitation are provided by the National Climate Center of China. These datasets are available as an ASCII file that contains monthly mean temperatures and precipitation obtained 
Results and Discussion
Overall Trend of SO 2 (Fig. 4a) , and the SO 2 concentration shows a high correlation (R 2 = 0.978) to the SO 2 emissions over Jing-Jin-Ji during 2007-15 (see Fig. 4b ). So the Chinese government has made great efforts in pollution reduction, and has achieved remarkable results. 
Seasonal Variation
The seasonal distribution of SO 2 concentration over Jing-Jin-Ji based on OMI data of 2007-16 for the four seasons (spring: March, April, May; summer: June, July, August; autumn: September, October, November; winter: January, February, December) is shown in Figs. 5(a-d) . Results show that the SO 2 concentration over Jing-Jin-Ji was higher in winter and lower in summer. However, the seasonal spatial distribution is unbalanced, and the high pollution areas are found to be Shijiazhuang-XingtaiHandan; these results are in agreement with the annual average distribution (Fig. 2, right) .
The seasonal cycle characteristics are also seen in Fig. 3a) , where a maximum is apparent in winter and a minimum in summer, and the lowest SO 2 values are generally apparent in June and July, but are highest in January and December. Fig. 7 , where it is evident that the seasonal characteristics are prominent; temperature and precipitation have similar seasonal circulation characteristics, and the seasonal variation in the SO 2 concentration has the opposite characteristics. The seasonal signal of SO 2 over the Jing-Jin-Ji region decreased to a minimum in spring or summer every year and then gradually increased to a maximum in winter (Fig. 7b) . In addition, the Jing-Jin-Ji region has a greater amount of precipitation in summer (Fig. 7c) . Regional Change Characteristics of SO 2
Variations of SO 2 concentration over the 13 regions during 2007-16 are presented in Fig. 8a ). The regions with higher SO 2 are located in HD, SJZ, and XT, and those with lower SO 2 are ZJK and CD, which is in agreement with the annual average distribution (Fig. 2, right) . Fig. 3b ).
The Shijiazhuang-Xingtai-Handan region is an important industrial area of Hebei Province, and energy consumption may be a major source of the fastincreasing levels of pollution gases. 
Conclusions
This article describes the spatiotemporal variations of SO 2 concentrations during 2007-16 over the Jing-Jin-Ji region in China using remote sensing data obtained from OMI. Results can be summarized as follows: 1) The spatial distribution of SO 2 was unbalanced; regions with high levels are located in SJZ, XT, and HD, and those with low SO 2 are ZJK and CD. In addition, Shijiazhuang-Xingtai-Handan is found to be a highly polluted area. 2) There are prominent yearly variations in concentrations of SO 2 . An overall decreasing trend in the average annual value of SO 2 occurred (except for a slight rise in SO 2 level from 2010 to 2011), and SO 2 concentration variation based on satellite data shows a high correlation with SO 2 emissions (R 2 = 0.978). 3) Amounts of SO 2 over the Jing-Jin-Ji region showed significant seasonal cycle characteristics, with a maximum in winter and a minimum in summer.
The lowest value appeared in June and July, and the highest generally appeared in January and December; temperature and precipitation affect seasonal changes in SO 2 concentration, and both had a significant negative correlation with SO 2 concentration. 4) The overall trends in the average annual value of SO 2 in the 13 cities appear to have decreased since 2007, energy consumption may be an important factor in SO 2 concentration changes, and the SO 2 concentration in the Shijiazhuang-Xingtai-Handan region decreased by 55% during the past decade, so the Chinese government has made great efforts in pollution reduction and has achieved remarkable results.
